Purpose: We sought to determine whether blockade of platelet-derived growth factor receptor (PDGF-R) activation by oral administration of a PDGF-R tyrosine kinase inhibitor (STI571) alone or in combination with i.p. paclitaxel can inhibit the progression of tumors caused by human ovarian carcinoma cells growing in the peritoneal cavity of female nude mice.
Introduction
According to the American Cancer Society, an estimated 25,400 new cases of ovarian cancer will occur in the United States in 2003 (1) . Ovarian cancer is the second most common malignant neoplasm of the female genital tract in the United States but is the leading cause of gynecologic cancer death (1) . Because no effective screening tool exists for the general population and the disease is notorious for a lack of early warning signs, the majority of patients present with metastatic disease. The advent of modern surgical techniques and platinum-based chemotherapy did not affect ovarian cancer mortality from 1979 to 1995 (2) . Despite initial tumor response rates of 80% to front-line platinum-based chemotherapy (3), the majority of patients with advanced ovarian cancer will ultimately have cancer relapse and develop drug-resistant disease (4, 5) . Currently available second-line agents, all of which have associated response rates of ϳ15-25%, include doxil, topotecan, gemcitabine, oral etoposide, tamoxifen, and vinorelbine (6) . Because recurrent and progressive epithelial ovarian cancers have a relatively low response rate to all known active agents, there is a critical need for a better understanding of ovarian cancer biology to allow the development of better therapy.
The expression of platelet-derived growth factor (PDGF) and PDGF receptor (PDGF-R) has been associated with a variety of human neoplasms, including those of the prostate (7) (8) (9) (10) (11) , lung (12) , colon (13) , and breast (14, 15) . PDGF is the cellular homologue of v-sis and causes transformation in vitro (16) . Stimulation of autocrine PDGF is thought to contribute to the early transformation and progression of glioblastoma (17, 18) , melanoma, pancreatic cancer, and prostate cancer (19) .
Several published studies implicate PDGF and PDGF-R in ovarian cancer growth. PDGF-R␣ and PDGF-R␤ are present on HOSE cells, and PDGF has been shown to enhance the growth of HOSE cells in vitro (20) . Also, while the normal ovary epithelium and benign ovarian neoplasms do not express PDGF and PDGF-R␣, 73% of ovarian carcinomas express PDGF and 36% express PDGF-R␣ (21) . Moreover, expression of PDGF-R␣ is an independent poor prognostic factor in ovarian carcinoma (21) . A recent study reported that six epithelial ovarian cancer cell lines expressed the PDGF A-and B-chain genes and that PDGF was expressed in frozen sections of six serous ovarian carcinomas (22) . Collectively, these data suggest a possible role for PDGF and PDGF-R in the progression of ovarian cancer.
STI571, a derivative of 2-phenylaminopyrimidine, was originally developed as a competitor for an ATP-binding site of the Abl protein tyrosine kinase (23) . STI571 is also a potent tyrosine kinase inhibitor of c-Kit and PDGF-R (24 -29) . The purpose of the present study was to evaluate whether blockade of PDGF-R activation by STI571 can decrease the progressive growth of human ovarian cancer cells implanted into the peritoneal cavity of nude mice. We show that daily oral administrations of STI571 combined with weekly i.p. injections of paclitaxel produced significant therapeutic effects, mediated in part by the induction of apoptosis in tumor-associated endothelial cells.
Materials and Methods
Ovarian Cancer Cell Lines and Culture Conditions. For these studies, we used the highly metastatic human ovarian cancer cell lines Hey A8 (30 -32) and SKOV3ip1 (33, 34) . The tumorigenic SKOV3ip1 line was established in culture from peritoneal metastases produced by the SKOV3 cells growing orthotopically in athymic mice (35) . Hey A8 and SKOV3ip1 cells were grown as monolayer cultures in culture minimal essential medium (Life Technologies, Inc., Grand Island, NY), supplemented with 10% fetal bovine serum, vitamins, sodium pyruvate, L-glutamine, nonessential amino acids (Life Technologies, Inc.), and penicillin-streptomycin (Flow Laboratories, Rockville, MD). Adherent monolayers were maintained on plastic and incubated at 37°C in a mixture of 5% CO 2 and 95% air. The tumor cells were free of Mycoplasma and pathogenic murine viruses (assayed by M. A. Bioproducts, Walkersville, MD). The cultures were maintained for no longer than 12 weeks after recovery from frozen stock.
The Hey A8 paclitaxel-resistant line was selected from the parental Hey A8 cell line by culturing the cells in culture minimal essential medium containing increasing concentrations of paclitaxel. After 18 months, the derived cells were resistant to 500 ng/ml paclitaxel.
Reagents. Primary antibodies were purchased as listed: STI571 [imatinib mesylate (Gleevec), Novartis, Basel, Switzerland] is a small-molecule inhibitor of the tyrosine kinases PDGF-R, c-Kit, and Bcr-Abl (24 -29) . For oral administration, STI571 was dissolved in distilled water at 6.25 mg/ml and prepared daily.
Paclitaxel (Taxol; Bristol-Myers Squibb Co., Princeton, NJ) is a poorly soluble plant product from the western yew, Taxus brevifolia. A sterile solution concentrate is available at 6 mg/ml in 5-ml vials (30 mg/vial) in 50% polyoxyethylated castor oil and 50% dehydrated alcohol, USP. The concentrate was diluted in distilled water at 625 g/ml and prepared just before use.
In Vitro Blockade of PDGF-R Phosphorylation. SKOV3ip1 and Hey A8 cells were plated at a density of 7.5 ϫ 10 3 cells/cm 2 on tissue culture-treated glass slides (Becton Dickinson and Company, Franklin Lakes, NJ) in a two-chamber polystyrene vessel containing medium with 10% fetal bovine serum. Hey A8 paclitaxel-resistant cells were plated at a density of 10 4 cells/cm 2 . The following day, the medium was replaced with serum-free culture minimal essential medium containing different concentrations of STI571. Twenty-four h later, the cells were stimulated for 15 min with PDGF-BB at 10 ng/ml. The chambers were washed and the slides were fixed and stained as described below.
IHC Determination of PDGF-R and p-PDGF-R Expression on Human Ovarian Carcinoma Cells Growing in Culture. The slides with attached cells were fixed in cold acetone for 10 min and then washed twice with PBS for 3 min each time. Slides were placed in a humidified chamber and incubated with a protein blocking solution (PBS supplemented with 4% cold water fish skin gelatin). Samples were then incubated overnight at 4°C with a 1:100 dilution of anti-PDGF-R or anti-p-PDGF-R primary antibody. The slides were then rinsed three times with PBS and incubated for 10 min in protein blocking solution. For PDGF-R staining, the samples were incubated with a peroxidase-conjugated goat antirabbit antibody for 1 h at room temperature (1:1000 dilution). For p-PDGF-R staining, the slides were first treated with a biotinylated mouse antigoat antibody for 30 min (prediluted), followed by streptavidin horseradish peroxidase for 30 min (1:300 dilution). The samples were then rinsed three times in PBS. Positive reactions were rendered visible by incubating the slides with stable 3,3Ј-diaminobenzidine for 5-10 min. The sections were rinsed with distilled water, counterstained with Gill's hematoxylin for 30 s, and mounted with Universal Mount (Research Genetics). Control samples exposed to secondary antibody alone showed no nonspecific staining.
In Vitro Proliferation Assay. Tetrazolium (MTT) (M2128) was purchased from Sigma Chemical Co., and a stock solution was prepared by dissolving 5 mg of MTT in 1 ml of PBS and filtering the solution to remove particulates. The solution was protected from light, stored at 4°C, and used within 1 month. In the assay, ovarian cancer cells were plated in 96-well plates (Becton Dickinson) in triplicate and allowed to adhere overnight. STI571, paclitaxel, or both were then added in dilution with serum-free culture minimal essential medium. The cells were exposed to paclitaxel in a range of concentrations, whereas the concentration of STI571 was constant. After 96 h, the number of metabolically active cells was determined by the MTT assay (36) .
Animals. Female athymic nude mice (NCr-nu) were purchased from the Animal Production Area of the National Cancer Institute-Frederick Cancer Research and Development Center (Frederick, MD). The mice were housed and maintained under specific-pathogen-free conditions in facilities approved by the American Association for Accreditation of Laboratory Animal Care and in accordance with current regulations and standards of the United States Department of Agriculture, the United States Department of Health and Human Services, and the NIH. The mice were used in these experiments according to institutional guidelines when they were 8 -12 weeks old.
Orthotopic Implantation of Tumor Cells and Necropsy Procedures. To produce tumors, SKOV3ip1, Hey A8, and Hey A8 paclitaxel-resistant cells were harvested from subconfluent cultures by a brief exposure to 0.25% trypsin and 0.02% EDTA. Trypsinization was stopped by replacing the trypsin-EDTA with medium containing 10% fetal bovine serum, and the cells were washed once in serum-free medium and resuspended in HBSS. Only single-cell suspensions with Ͼ95% viability, determined by Trypan Blue exclusion, were used for the in vivo injections. To test the effects of the therapies, SKOV3ip1 and Hey A8 paclitaxel-resistant cells were injected i.p. into female nude mice at a concentration of 1 ϫ 10 6 cells/0.2 ml HBSS; Hey A8 cells were injected i.p. at a concentration of 2.5 ϫ 10 5 cells/0.2 ml HBSS into female nude mice.
Mice were killed on day 45 of the study and weighed. Primary tumors in the peritoneal cavity were excised and weighed. In animals bearing SKOV3ip1 tumors, malignant ascites were aspirated and measured. For IHC and H&E-staining procedures, tumors were fixed in formalin and embedded in paraffin. For IHC requiring frozen tissue, tumors were embedded in OCT compound (Miles, Inc., Elkhart, IN), frozen rapidly in liquid nitrogen, and stored at Ϫ80°C.
Therapy for Established Human Ovarian Carcinoma Growing in the Peritoneal Cavity of Female Nude Mice. To evaluate the therapeutic effect of combination therapy in the animal model, we first performed preliminary dose-response experiments for both STI571 and paclitaxel. To determine the optimal dose of STI571, Hey A8 cells were implanted i.p. Fourteen days after the orthotopic implantation of tumor cells, mice were randomized into four groups (n ϭ 6/group): PBS p.o. or STI571 at 25, 50, or 100 mg/kg/day p.o. Mice were treated for 5 consecutive days. Two, 12, and 24 h after administration of the last oral treatment, 2 mice/group were killed. Fluorescence IHC was performed on the tumors as described below. Preliminary survival experiments using paclitaxel alone were performed to determine an effective low dose for paclitaxel therapy (data not shown).
On the basis of these preliminary findings, we initiated a series of three separate therapy experiments. Tumor cells were injected i.p. Seven days later, the mice were randomized into four groups (n ϭ 10 in each): daily PBS p.o. plus weekly PBS i.p.; 125 g i.p. paclitaxel once/week; daily administration of 50 mg/kg p.o. STI571; and 125 g of i.p. paclitaxel once/week plus daily 50 mg/kg p.o. STI571.
Immunofluorescence IHC. Expression of PDGF-R␣, PDGF-R␤, p-PDGF-R␣, and p-PDGF-R␤ was determined on frozen samples from orthotopically growing tumors produced by Hey A8, SKOV3ip1, and Hey A8 paclitaxel-resistant cells. Fresh frozen tissues were cut into 4-m sections and mounted on positively charged slides. The sections were stored at Ϫ80°C. Sections were fixed in cold acetone for 10 min, followed by two washes with PBS for 3 min each. Slides were placed in a humidified chamber and incubated with the protein blocking solution for 20 min at room temperature. Samples were then incubated overnight with an anti-PDGF-R or anti-p-PDGF-R primary antibody at 4°C. The slides were then rinsed three times with PBS, incubated 10 min in protein blocking solution, and incubated with Alexa 488-conjugated goat antirabbit IgG (for PDGF-R, 1:600 dilution) or Alexa 488-conjugated rabbit antigoat IgG (for p-PDGF-R, 1:600 dilution) secondary antibodies for 1 h at room temperature. The samples were then rinsed three times in PBS. Nuclear counterstain (Hoechst) was then applied for 2 min (1:2000 dilution). Samples were then rinsed three times in PBS, mounting medium was placed on each sample, and a glass coverslip (Fischer Scientific, Fair Lawn, NJ) was placed on top. Mounting medium consists of 90% glycerol, 10% PBS, and 0.1 M propyl gallate.
Immunofluorescence Double Staining for CD31 and PDGF-R or p-PDGF-R. Fresh frozen tissues were cut into 4-m sections and mounted on positively charged slides. Sections were stored at Ϫ80°C. Sections were fixed in cold acetone for 10 min and then washed twice with PBS for 3 min each time. The slides were placed in a humidified chamber and incubated with protein blocking solution for 20 min at room temperature. Samples were then incubated overnight with rat antimouse CD31 antibody (1:800 dilution) at 4°C. The slides were then rinsed three times with PBS and incubated for 10 min in protein blocking solution. Slides for PDGF-R/CD31 staining were incubated with Alexa 594-conjugated goat antirat IgG (1:400 dilution) for 1 h at room temperature. Slides for p-PDGF-R/ CD31 staining were incubated with Rhodamine Red donkey antirat IgG (1:50 dilution) for 1 h at room temperature. From this point, the slides were protected from light. Next, all slides were rinsed three times with PBS, incubated for 10 min in protein blocking solution, and then incubated with an anti-PDGF-R or anti-p-PDGF-R primary antibody overnight at 4°C (1:100 dilution). The slides were then rinsed three times with PBS, incubated for 10 min in protein blocking solution, and incubated with the corresponding fluorescent secondary antibody (Alexa 488-conjugated goat antirabbit for CD31/PDGF-R IHC and Alexa 488-conjugated rabbit antigoat for CD31/p-PDGF-R IHC) for 1 h at room temperature (1:500 dilution). The samples were then rinsed three times in PBS. Hoechst nuclear counterstain was applied for 2 min. Samples were then rinsed three times in PBS, mounting medium was placed on each slide, and the slides were covered with glass coverslips (Fischer Scientific).
Immunofluorescence Double Staining for CD31 and TUNEL. Frozen tissue was used for CD31/TUNEL immunofluorescence double staining. The procedure used is as described previously (37, 38) . Endothelial cells were identified by red fluorescence, and DNA fragmentation was detected by localized green fluorescence within the nucleus of apoptotic cells. An endothelial cell undergoing apoptosis was represented by yellow fluorescence (37) .
IHC Determination of CD31 and PCNA. Expression of PCNA was determined by IHC using paraffin-embedded tumors. Sections (8-m thick) were mounted on positively charged Superfrost slides (Fisher Scientific Co., Houston, TX) and dried overnight. Sections were deparaffinized in xylene, treated with a graded series of alcohol [100%, 95%, 80% ethanol/double distilled H 2 O (v/v)], and rehydrated in PBS (pH 7.5). Antigen was retrieved by placing the slides in water and then boiling them in a microwave on high power for 5 min. Expression of CD31 was determined on fresh frozen tissues that were cut into 4-m thick sections and mounted on positively charged slides. The slides were stored at Ϫ80°C; sections were fixed in cold acetone for 10 min and then washed twice with PBS for 3 min each time. Detection of PCNA and CD31 was carried out as described previously (38) .
Quantification of Microvessel Density (MVD), PCNA, and CD31/TUNEL ؉ Endothelial Cells. To quantify MVD, 10 random 0.159-mm 2 fields at ϫ100 magnification were examined for each tumor, and the microvessels within those fields counted. A single microvessel was defined as a discrete cluster or single cell stained positive for CD31 (CD31 ϩ ), and the presence of a lumen was not required for scoring as a microvessel. To quantify PCNA expression, the number of positive cells was counted in 10 random 0.159-mm 2 fields at ϫ100 magnification. To quantify CD31/TUNEL ϩ cells, the number of double-positive cells was counted in 10 random 0.011-mm 2 fields at ϫ400 magnification.
Microscopy. 3,3Ј-Diaminobenzidine-stained sections were examined with a ϫ20 objective on a Nikon Microphot-FX microscope (Nikon, Inc., Garden City, NY) equipped with a three-chip charge-coupled device color video camera (Model DXC990; Sony Corp., Tokyo, Japan). Immunofluorescence microscopy was performed using a ϫ20 objective on a Nikon Microphot-FXA microscope (Nikon, Inc.) equipped with a HBO 100 mercury lamp and narrow band pass filters to individually select for green, red, and blue fluorescence (Chroma Technology Corp., Brattleboro, VT). Images were captured using a cooled charge-coupled device Hamamatsu 5810 camera (Hamamatsu Corp., Bridgewater, NJ) and Optimas Image Analysis software (Media Cybernetics, Silver Spring, MD). Photomontages were prepared using Micrografx Picture Publisher (Corel, Inc., Dallas, TX) and Adobe PhotoShop software (Adobe Systems, Inc., San Jose, CA). Photomontages were printed on a Sony digital color printer (Model UP-D7000). Endothelial cells were identified by red fluorescence, whereas PDGF-R and p-PDGF-R were identified by green fluorescence. Images were subsequently superimposed digitally, and endothelial cells expressing these receptors were identified by yellow fluorescence.
Statistical Analyses. Comparisons of mean tumor weight, volume of ascites, body weight, and mean MVD, PCNA, and TUNEL ϩ cells were analyzed using two-tailed nonparametric tests (Mann-Whitney tests). Survival curve comparisons were performed using the log-rank test.
Results

In Vitro Cytostasis Mediated by Paclitaxel and STI571.
The human ovarian cancer cells (SKOV3ip1, Hey A8, and Hey A8 paclitaxel resistant) were cultured for 4 days in media containing various concentrations of paclitaxel in the absence or presence of a noncytostatic concentration of STI571 (4 M). The growth inhibition mediated by paclitaxel was enhanced by STI571. For SKOV3ip1, Hey A8, and Hey A8 paclitaxel-resistant cells, the IC 50 for paclitaxel, as determined by the MTT assay, decreased from 1.0, 0.7, and 600 ng/ml to 0.3, 0.2, and 100 ng/ml, respectively, in the presence of STI571.
Inhibition of PDGF-R Phosphorylation in Human Ovarian Cancer Cells by STI571. In the first set of experiments, we determined whether treatment of SKOV3ip1, Hey A8, or Hey A8 paclitaxel-resistant cells with STI571 could inhibit PDGF-BB-stimulated tyrosine phosphorylation of PDGF-R. Human ovarian cancer cells incubated for 15 min with serum-free medium containing PDGF-BB at 10 ng/ml expressed p-PDGF-R. The cells were incubated with different concentrations of STI571. PDGF-R expression was unaffected by STI571, but phosphorylation of the receptor in cells incubated with PDGF-BB was inhibited by STI571 at concentrations of 2-4 M.
In the next set of experiments, we determined the dose of STI571 required to inhibit phosphorylation of the PDGF-R in cells growing in vivo. Human ovarian cancer cells were injected into the peritoneal cavity of mice. Two weeks later, groups of mice were treated daily p.o. with 0, 25, 50, or 100 mg/kg STI571. Two mice each were killed at 2, 12, and 24 h after the fifth daily treatment. The tumors were processed for IHC. Tumors expressed both PDGF-R␣ and PDGF-R␤. The expression of these receptors was not affected by STI571 (data not shown). Expression of p-PDGF-R␣ is shown in Fig. 1 . Treatment with STI571 at 25 mg/kg did not inhibit phosphorylation of the receptors. STI571 at 50 mg/kg was sufficient to reduce PDGF-R phosphorylation for up to 12 h. Twenty-four h after treatment, the PDGF-R was phosphorylated, suggesting that a dose of 50 mg/kg is the lowest effective daily dose.
Inhibition of Ovarian Cancer Growth in the Peritoneal Cavity of Nude Mice. The SKOV3ip1, Hey A8, or Hey A8 paclitaxel-resistant cells were implanted into the peritoneal cavity of athymic nude mice. Seven days later, the mice were randomized into four treatment groups of 10 mice each. The first group received daily saline p.o. and weekly saline i.p. The second group received a weekly i.p. injection of 125 g of paclitaxel (because preliminary survival studies demonstrated that the lowest effective dose for paclitaxel in the ovarian cancer model was 125 g i.p. once/week). The third group received daily p.o. STI571 (50 mg/kg), and the fourth group received daily p.o. STI571 (50 mg/kg) and weekly i.p. paclitaxel (125 g). The data for these therapies' effects on SKOV3ip1, Hey A8, and Hey A8 paclitaxel-resistant cells are summarized in Tables 1, 2 , and 3, respectively Table 1 shows that STI571 therapy alone was not effective against SKOV3ip1 tumors. Paclitaxel alone was effective at reducing tumor weight and eliminating ascites. The combination of paclitaxel and STI571 reduced the incidence of tumor, further reduced tumor weight, and also eliminated ascites; the reduction in tumor weight was statistically significant compared with all other therapies, including paclitaxel alone (P Ͻ 0.05). The reduction in ascites found in both the paclitaxel-alone and STI571-paclitaxel combination groups was statistically significant compared with either control or STI571 treatments alone (P Ͻ 0.01). Body weight was maintained in mice that received either paclitaxel alone or the combination therapy, compared with control or STI571 alone (P Ͻ 0.05).
In the Hey A8 tumors (Table 2) , STI571 had no therapeutic benefit over the saline control. However, the paclitaxel-STI571 combination therapy significantly reduced tumor incidence and tumor weight, compared with all other treatments (P Ͻ 0.05). For Hey A8 paclitaxel-resistant tumors (Table 3) , STI571 alone was again ineffective. However, in contrast to findings from the previous two experiments, paclitaxel therapy alone was not effective in this highly paclitaxel-resistant cell line. The reduction in tumor weight among lesions treated with the combination of STI571 and paclitaxel was statistically significant compared with the other treatments (P Ͻ 0.05).
IHC Analysis. In the next set of experiments, we determined the mechanism(s) responsible for the therapeutic effects of STI571 plus paclitaxel. IHC analysis of SKOVip1, HEY A8, and HEY A8 paclitaxel-resistant tumors demonstrated that tumor-associated endothelial cells expressed PDGF-R and phosphorylated PDGF-R. The data shown in Fig. 2A are representative of HEY A8 tumors. The expression of PDGF-R␣ was not reduced by any of the treatments. Fig. 2 also demonstrates that Next, we evaluated tumor cell and tumor-associated endothelial cell apoptosis using the TUNEL method. Using the double-labeled fluorescence technique, cells undergoing apoptosis, i.e., TUNEL ϩ cells, exhibit green fluorescence, and endothelial cells (CD31 ϩ ) stain red. Apoptotic endothelial cells have yellow nuclei. The data shown in Fig. 3A are from experiments using the paclitaxel-sensitive SKOV3ip1 and Hey A8 cell lines. Minimal tumor cell or endothelial cell apoptosis was apparent in either the control or single-agent STI571 treatment groups. The CD31/TUNEL column shows that for the paclitaxel-only group, tumor cells underwent apoptosis. In the combination therapy group, the CD31/TUNEL column shows yellow fluorescence, indicating that endothelial cells, in addition to tumor cells, underwent apoptosis. Data for the Hey A8 paclitaxel-resistant tumors are shown in Fig. 3B . Again, no apoptosis was evident in tumor cells from groups of mice treated with saline or single-agent STI571. Unlike the results for paclitaxelsensitive cells in Fig. 3A , paclitaxel alone did not lead to apoptosis of tumor cells from this resistant line as expected. However, when the Hey A8 paclitaxel-resistant tumors were treated with the combination therapy, endothelial cells underwent apoptosis (yellow), as did some tumor cells (green). These data imply that the combination therapy can reduce tumor progression by an antivascular mechanism of action.
Additional support for this conclusion comes from the data shown in Tables 4 and 5 . Data from experiments on both the SKOV3ip1 and Hey A8 paclitaxel-sensitive cells were pooled for reporting in Table 4 . In the paclitaxel-sensitive experiments, the number of TUNEL ϩ tumor cells and percentage of TUNEL ϩ endothelial cells increased significantly from 10 Ϯ 4 and 0% in the control group to 49 Ϯ 17 (P Ͻ 0.01 versus control) and 10% (P Ͻ 0.05 versus all groups), respectively, in the combination therapy group. For the paclitaxel-resistant Hey A8 cells, the number of TUNEL ϩ tumor cells and the percentage of TUNEL ϩ endothelial cells increased significantly from 9 Ϯ 4 and 0% in the control group to 37 Ϯ 16 (P Ͻ 0.05 versus all groups) and 9% (P Ͻ 0.05 versus all groups), respectively, in the combination therapy group.
To further define the mechanism of action, we performed IHC for CD31 and PCNA. Representative data from the paclitaxel-sensitive (SKOV3ip1 and Hey A8) tumors are shown in Fig. 3A . Although MVD was reduced from the control level (46 Ϯ 8) in tumors treated with only paclitaxel, the most significant reduction was in the combination therapy group, where MVD decreased to 15 Ϯ 5 (P Ͻ 0.05 versus all groups). Similarly, PCNA was most significantly reduced from control (110 Ϯ 12) in tumors from mice receiving both paclitaxel and STI571 (P Ͻ 0.05 versus all other groups). Fig. 3B shows similar IHC results but for tumors grown from the paclitaxelresistant cells. Tumors from mice treated with only paclitaxel had no changes in MVD or PCNA compared with either the control or STI571-only groups. However, when paclitaxel was combined with STI571, we found significant reductions in both MVD and PCNA (to 21 Ϯ 7 and 47 Ϯ 11, respectively; P Ͻ 0.05 versus all groups for both CD31 and PCNA). The combination therapy also induced tumor necrosis.
Discussion
Blockade of the PDGF-R signaling pathway by p.o. STI571 combined with i.p. paclitaxel significantly inhibited tumorigenicity of human ovarian cancer cells implanted in the peritoneal cavity of nude mice and tumor progression. These effects were demonstrated in two paclitaxel-sensitive (SKOV3ip1 and Hey A8) cell lines and one paclitaxel-resistant (Hey A8 paclitaxel-resistant) cell line. STI571 alone did not reduce the growth of neoplasms. Paclitaxel reduced tumor weight by 50 -60% in the paclitaxel-sensitive cell lines but not in the paclitaxel-resistant cell line. In tumors from all three types, the combination of STI571 and paclitaxel significantly decreased tumor incidence and tumor weight. Prior studies from our laboratory determined that at the dose of 100 mg/kg, repeated daily administration of STI571 produced diarrhea and weight loss in nude mice (11) . In our current study, the daily oral dose of STI571 (50 mg/kg) did not.
IHC analyses of tumors from all three of the cell lines showed that PDGF-R and p-PDGF-R were expressed by tumorassociated endothelial cells as well as tumor cells. PDGF-R and p-PDGF-R expression by tumor-associated endothelial cells suggests that blockade of receptor activation could affect endothelial cells as well as tumor cells. Investigations of apoptosis confirmed this. Tumors from paclitaxel-sensitive cell lines showed apoptosis of tumor cells with paclitaxel therapy and apoptosis of both tumor cells and endothelial cells with combination therapy. For tumors from the paclitaxel-resistant cells, tumor cell apoptosis was absent from the paclitaxel-only treatment group; however, endothelial cell apoptosis was observed when paclitaxel was combined with STI571. These data suggest that STI571-paclitaxel combination therapy reduced tumor weight by an antivascular mechanism of action.
The combination therapy-induced reduction in MVD and PCNA and the presence of necrosis provide additional evidence for an antivascular mechanism of action. Endothelial cell death would result in a disruption of existing tumor-associated vasculature and would inhibit new vessel formation, leading to hypoxia, decreased cell proliferation, and eventually necrosis; that is, endothelial cell death leads to tumor cell apoptosis. Neovascularization is a critical step in the metastatic cascade (39, 40) , occurring both during the formation of the primary tumor mass and during the growth of metastases (11) . The destruction of tumor-associated endothelial cells with combination paclitaxel-STI571 therapy could therefore reduce tumor burden and possibly prevent the outgrowth of metastases.
The reduction in tumor weight and induction of apoptosis in endothelial cells resulted from the addition of an agent that blocks the phosphorylation of PDGF-R. In effect, STI571 inhibited any autocrine or paracrine PDGF stimulation that the endothelial cells might have received. Yet, STI571 alone was not effective in reducing tumor weight, whereas the combination of STI571 and paclitaxel was superior to paclitaxel alone. Hence, the mere inhibition of PDGF-R activation was not sufficient to induce the death of endothelial cells. The blockade of PDGF-R activation increased the sensitivity of dividing tumorassociated endothelial cells to the effect of paclitaxel. That is, these data indicate that when the effects of PDGF are mitigated, the susceptibility of endothelial cells to paclitaxel-induced apoptosis is increased. Therefore, in this orthotopic model, PDGF functions as an antiapoptotic factor. These data are corroborated by other results characterizing PDGF as a survival or antiapoptotic factor (41) (42) (43) (44) . The death of tumor-associated endothelial cells leads to secondary tumor cell death and eventually tumor necrosis.
For the paclitaxel-resistant Hey A8 tumors, treatment with STI571 or paclitaxel alone failed to reduce tumor incidence or weight relative to control. In contrast, treatment using the combination of STI571 with paclitaxel was effective. This was (46) . A recent study suggested that continuous low-dose taxane-based therapy may be highly selective against cycling tumor-associated endothelial cells and that frequent low-dose regimens could potentiate antiangiogenic therapy (47) . The fact that only the combination therapy was effective against tumors produced by paclitaxel-resistant cells suggests that the endothelial cells in the tumors were targeted for apoptosis. The data therefore suggest that the combination of STI571 and paclitaxel reduces ovarian cancer growth by an antivascular mechanism. PDGF and PDGF-R have been shown to have important roles in angiogenesis and inhibition of apoptosis. PDGF-Rs are present on endothelial cells from various origins in vitro (48 -50) and in vivo (51, 52) . Several studies have suggested that PDGF might affect endothelial cells directly. PDGF-BB induced an angiogenic response in an assay system using the chorioallantoic membrane of the chick embryo (53, 54) in cultured rings of rat aorta (55) and in wound repair (56) . Using tubeforming bovine aortic endothelial cells, PDGF-BB directly induced endothelial cell proliferation via PDGF-R␤ expressed on developing endothelial cords. Of note, PDGF-R␤ was absent from nonangiogenic endothelial cells (57) . In addition to proliferation, PDGF-elicited endothelial cell migration has been observed in porcine aortic endothelial cells (58). PDGF-induced cell migration has also been shown in rat brain endothelial cells (53) , rabbit retinal endothelial cells (58), and rabbit corneal endothelial cells (59, 60) .
An indirect mechanism of action for PDGF-mediated angiogenesis has been suggested in several other studies. Blockade of PDGF-R␤ signals induced glomerular endothelial cell apoptosis in newborn mice (61) . The results suggest that PDGF-R␤ pathways are particularly important for glomerular vasculogenesis in which endothelial cells actively undergo angiogenesis. Additional evidence for an indirect mechanism of action for PDGF in angiogenesis is provided by an analysis of pericytes. PDGF␤-chain produced by capillaries can recruit pericytes that are likely to be required to promote the structural integrity of the vessels (61) (62) (63) (64) . Taken together, these data demonstrate that PDGF can contribute to endothelial cell proliferation, migration, and remodeling.
Published studies show that PDGF potentially has an antiapoptotic function. PDGF is a principal survival factor that inhibits apoptosis and promotes proliferation (42) , the mechanism of which involves activation of the Ras/PI3-K/Akt pathway (43, 44, 65) . Nuclear factor-B appears to be a target of the antiapoptotic Ras/PI3-K/Akt pathway (66) . The antiapoptotic and proliferative effects of PDGF were shown in the in vitro MTT proliferation assay. Functional blockade of PDGF by STI571 resulted in a decrease of cellular proliferation. These data suggest a potential role for PDGF as a survival factor.
In addition to their effects on PDGF and PDGF-R on endothelial cells, several other mechanisms might explain the additive effects of STI571 and paclitaxel. Inhibition of PDGF-R signaling in tumor stroma has been shown to enhance the therapeutic effects of chemotherapy (67) . That study suggested that the beneficial effect of cotreatment involves increased tumor uptake of chemotherapeutic agents, occurring most likely as a consequence of a reduction in the tumor interstitial fluid pressure. Moreover, STI571 and paclitaxel might have additive effects on microtubules. PDGF directly depolymerizes microtubules during the initiation of DNA synthesis and cell division (68, 69) . STI571 inhibits PDGF-mediated PDGF-R activation and, hence, stabilizes microtubules in the target cells, a process similar to paclitaxel's mechanism of action; that is, paclitaxel promotes microtubule assembly (70) . Thus, STI571 and paclitaxel might have additive effects on microtubule physiology.
Heterogeneous diseases such as cancer require multimodality therapies that target multiple biological mechanisms (45, 71) . Paclitaxel is an effective, well-tolerated first-line agent in the chemotherapy armamentarium for ovarian cancer. Despite their tumors' high rate of initial response to paclitaxel therapy, many patients eventually develop paclitaxel-resistant tumors during the course of their disease. For this reason, a Hey A8 paclitaxel-resistant cell line was also developed and evaluated in this study. Therefore, an important aspect of this investigation was to determine any additive effects of STI571 in paclitaxel therapy. As expected, paclitaxel alone was not effective in the Hey A8 paclitaxel-resistant tumors; however, with the addition of STI571, the tumor-associated endothelial cells demonstrated apoptosis. Combination therapy worked by an antivascular mechanism; that is, blockade of PDGF-R activation sensitized the rapidly dividing, genetically stable, tumor-associated endothelial cells to paclitaxel-induced apoptosis. In effect, PDGF functioned as a survival factor. Tumor cell apoptosis was absent from the paclitaxel-only group, yet it was present in the combination therapy group; therefore, tumor-associated endothelial cell apoptosis may have contributed to secondary tumor cell death and, hence, effective therapy.
In summary, activation of the PDGF-R is important in the progression of ovarian cancer. Blockade of PDGF-R phosphorylation, in combination with paclitaxel-induced apoptosis, reduced tumor growth in an orthotopic nude mouse model by an antivascular mechanism of action. Inhibition of PDGF-R activation on endothelial cells renders these vital tumor components susceptible to paclitaxel-induced apoptosis. The data reported here thus are potentially significant for the design of a novel therapeutic approach for advanced or recurrent ovarian cancer.
